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The change in absorbance at 420nm was followed in a Varian Techtron 635 recording spectrophotometer. Specific activity of the enzyme is expressed as nmol ferricyanide reduced min-' (mg protein)-'.
ADP-sulphurylase (EC 2.7.7.5, ADP : sulphate adenylyltransferase) was assayed by measuring the incorporation of j2P, into AD3?P with APS as the substrate by the method of Nicholls (1977) .
Adenylate kinase (EC 2.7.4.3, ATP :AMP phosphotransferase) was determined by measuring the production of ATP by the firefly method of Stanley & Williams (1969) '. The reaction mixture contained in a final volume of I nil :40 pmol Tris/HCl buffer (pH 7.5), 0.5 pmol MgCI,, 0.4 pmol ADP and enzyme. After a 10 min incubation, the reaction was terminated by adding 1 ml 5% (v/v) perchloric acid and centrifuging at 30OOg for IOmin. Samples (0.1 ml) of the supernatant were mixed with 1.9 ml ice-cold double-distilled water and the ATP concentration was determined.
Inorganic pyrophosphatase (EC 3.6.1 . I , pyrophosphate phosphohydrolase) was assayed by measuring the release of inorganic phosphate from sodium pyrophosphate. The reaction mixture contained 40 pmol Tris/HCl buffer (pH 7.9, 5 pmol MgClz, 5 pmol sodium pyrophosphate and the enzyme in a final volume of 1 ml. After a 10 min incubation, the reaction was terminated with 1 mllO% (w/v) TCA. After centrifuging at 3000 g for 10 min, ;i sample of the supernatant was used for determining P, by the method of Fiske & Subbarow (1925) .
Flavin was determined by the method of Rao et al. (1967) , non-haem iron by the method of Massey (1957) and labile sulphide by the method of Gilbao-Garber (1971) . Protein was determined by the biuret method (Itzhaki & Gill, 1964) with bovine serum albumin as a standard.
Purification o f A P S reducrase. Washed cells in 50 mM-Tris/HCI buffer (pH 7.5) were disrupted by three passages through a French pressure cell and centrifuged at I O O O O g for 30 min. This fraction was further centrifuged at 144000 g for 90 min and the supernatant fraction (SI4J loaded on to a DEAE-32-cellulose column (3-2 x 16 cm) previously equilibrated with 50 mM-Tris/HCI buffer (pH 7.5). The enzyme was eluted with a linear NaCl gradient (0-0.4 M -N~C I in 50 mM-Tris/HCI buffer pH 7.5) and 5 ml fractions were collected. The active fractions were pooled and concentrated by ultrafiltration under N ?, using a PM-10 membrane. This yielded fraction 3, which was further purified by Sepharose 6B gel chromatography. The enzyme was eluted from a Sepharose 6B column (2.5 x 67 cm) with 50 mM-Tris/HCl buffer (pH 7.5) and was collected in 5 ml fractions. The active fractions were pooled and then loaded on to a second DEAE-32-cellulose column (1.2 x 10 cm), which had been equilibrated with 50 mM-Tris/HCl buffer (pH 7-5). The enzyme was eluted with a linear NaCl gradient (0-0.4 M-NaC1 in 50 mMTris/HCl buffer pH 7.5) and 5 ml fractions were collected. The activity was eluted with 0.32 M-NaCl. The active fractions were pooled and concentrated by ultrafiltration. The concentrated enzyme was then desalted by passage through a Sephadex G-15 column (1.2 x 10 cm). Chemicals. All chemicals were obtained from Sigma or BDH. Solutions of sodium sulphite were prepared fresh daily. DEAE-cellulose was obtained from Whatman and Sepharose 6B from Pharmacia.
Rudiochenzicals. 32P-labelled orthophosphoric acid in dilute HCl was supplied by the Australian Atomic Energy Commission (Lucas Heights, Sydney).
R E S U L T S
ATP production by cell-free extracts When the supernatant fraction (SId4) was incubated with APS and either P, or PP,, there was a rapid production of ATP, which was linear with time for 5 min. When 32P, was added with APS then both AD3*P and AT"P were produced, which were separated on 3MM paper by high voltage electrophoresis and radioassayed (Khanna & Nicholas, 1982) .
The activities of the enzymes of substrate phosphorylation in various cell fractions are given in Table 1 . In the crude extract (S1J inorganic pyrophosphatase, adenylate kinase and APS reductase were very active. ATP-sulphurylase was not detected and so ADP-sulphurylase accounted for the production of ATP. These enzymes were located mainly in the SId4 fraction.
Properties of A P S reductase A summary of the purification procedure is given in Table 2 . An overall purification of about 208-fold was achieved.
The absorption spectrum of the purified enzyme in the oxidized state showed a maximum at 412 nm and a shoulder at 550 nm. The addition of sodium dithionite (1 mg ml-l) resulted in a decrease in absorbance in the visible spectrum. The difference spectrum showed a maximum at 440 nm, indicating the presence of flavin. The purified APS reductase contained 5 nmol FAD, 18-27 nmol non-haem iron and 25-33 nmol labile sulphide (mg protein)-'.
The molecular weight of the enzyme was determined by column chromatography on 
2.
3.
4.
5. Sepharose 6B using ferritin, alcohol dehydrogenase, albumin and horse heart cytochrome c as marker proteins. The enzyme had a molecular weight of 1.8 x los. Maximum enzyme activity was observed with AMP, but IMP and GMP could replace AMP (85 and 54% activity, respectively). However, ADP, ATP, UMP, CMP and 3',5'-cyclic AMP were ineffective substrates. The pH optimum of the enzyme was 8.0. The enzyme had a high affinity for AMP and SO!-with apparent K , values of 0.13 and 0-I7 mM, respectively, calculated from Lineweaver-Burk plots. Substrate inhibition was observed with AMP at concentrations of greater than 2mM. The apparent K , value for potassium ferricyanide was 4.2 mM.
A D P-sulphurylase ADP-sulphurylase activity was very labile in crude extracts (S,o). The addition of 5 mM-EDTA (sodium salt) and 1 mM-mercaptoethanol partially stabilized the enzyme. The supernatant, obtained after centrifuging the crude extract (Slo) at 144000g for 90 min, was loaded on to a Sephadex G-50 column (2.5 x 34 cm) equilibrated with 50 mM-Tris/HCl buffer (pH 7.5) containing 5 mM-EDTA (sodium salt) and 1 mM-mercaptoethanol. The active fractions obtained after eluting with the equilibrating buffer resulted in an eightfold increase in specific activity. The product of enzyme activity separated by high voltage paper electrophoresis was AD3'P, since the purified enzyme was free of adenylate kinase activity.
ADP-sulphurylase activities at various concentrations of APS and P, are shown in Figs 1 and 2. The apparent K , values for APS, which tend to decrease with increasing phosphate concentration, vary within the range 0-25 mM to 0.77 mM. At low concentrations of APS ( < 0.1 mM) the enzyme activity was markedly increased by increasing phosphate concentrations over the range 2 to 8 mM (Fig. 1) . This effect was diminished by increasing concentrations of ADP-sulphurylase activity was assayed as described in Methods. A, 2 mhi-P,; 0 , 4 mM-P,; 0, 6 mM-P , ; m, 8 mM-P,. Experimental details were as in Fig. 1 , except that the P, concentration was varied. A, 0.1 mM-APS; 0 , 0.2 mM-APS; 0, 0.5 mM-APS; ., 1.0 mM-APS. Table 3 . Efects of SH group inhibitors on enzyme activity Experimental details were as described in Methods. In the absence of the inhibitor, the activity of APS reductase and ADP-sulphurylase were 293.23 nmol ferricyanide reduced min-I (mg protein)-' and 4.9 nmol j2Pl incorporated min-' (mg protein)-'. APS up to 1 mM because high levels of phosphate decreased the response to APS. The double reciprocal plots for phosphate were non-linear at APS concentrations below 0.2 mM (Fig. 2) . The curves tended to approach linearity with increasing concentrations of APS. The results do not allow a ready estimation of apparent K,,, values for phosphate. The effects of various SH group inhibitors on APS reductase and ADP-sulphurylase are presented in Table 3 . N-Ethylmaleimide (NEM) (5 mM), p-chloromercuribenzoate (pCMB) (1 mM) and iodoacetamide (5 mM) markedly inhibited both enzymes in a manner that was reversed by reduced glutathione (GSH). pCMB (1 mM) inhibited APS reductase and ADPsulphurylase by 30 and 60%, respectively and the addition of 2 mM-GSH reversed the inhibition by 22 and 45%, respectively.
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Adenylate kinase was purified 50-fold and the purified enzyme had low affinity for ADP, the K,, value being 1.5 mM.
DISCUSSION
ATP is generated in cell-free extracts of C. cibrioforme f. sp. thiosulfutophilum from APS and phosphate via substrate phosphorylation. Thus a highly active APS reductase in the cytosol catalysed the synthesis of APS from AMP and sulphite. These results are similar to those of Peck (1960 Peck ( , 1962 for thiobacilli, but contrast with the data of Ivanovskii & Petushkova (1977) , who observed membrane-bound substrate phosphorylation under anaerobic conditions in Thiocapsa roseopersicina. ATP production was also found in cell-free extracts on adding PP, (Table 1) . However, ATP-sulphurylase, which mediates the formation of ATP via the reverse reaction of APS and PP,, was not detected. It is of interest that inorganic pyrophosphatase was very active in these extracts. Thus ATP produced from added PP, in crude extracts was associated with P, formation, which was then utilized by ADP-sulphurylase producing ADP (equation 2). An active adenylate kinase readily converted ADP to ATP and also regenerated AMP for APS reductase :
The inhibition of APS reductase and ADP-sulphurylase by SH group inhibitors and the partial reversal by GSH indicate the involvement of SH groups. These results are in agreement with the data from Thiocupsu roseopersicina (Truper & Rogers, 197 l) , Thiobacillus thioparus (Lyric & Suzuki, 1970) and Desulfouihrio desulfuricans (Peck et al., 1965) but contrast with those from Thiobacillus denitrzjicans (Bowen et al., 1966) in which such inhibition was not observed. The non-linear double reciprocal plots obtained with ADP-sulphurylase indicate a complex enzyme reaction (Cleland, 1963) that may involve the formation of a ternary complex of the enzyme, with APS and PI. The way in which the ternary complex is formed cannot be determined from the present results.
Adenylate kinase had a low affinity for ADP, the K , value (1.5 mM) being an order of magnitude higher than that observed for the enzyme from yeast (Su & Russell, 1967) . This low affinity of the enzyme for ADP may have physiological significance in vivo because of substrate inhibition of APS reductase by one of its products.
In the photosynthetic green sulphur bacterium C. vibrioforme f. sp. thiosulfatophilum, ATP production by substrate phosphorylation would be only about one-sixth of that required for C 0 2 assimilation for each mol of thiosulphate utilized, and so the energy requirement for C 0 2 assimilation must be met primarily by photo-phosphorylation. Thus the role of the enzymes of substrate phosphorylation in photosynthetic bacteria is primarily the conversion of sulphite, produced by the reductive cleavage of thiosulphate (Khanna & Nicholas, 1982) , to sulphate because of the absence of a sulphite oxidase. 
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